ABSTRACT: Several centrifuge model tests have been conducted using the NEES facility at UC Davis to study the dynamic behavior of rocking shallow foundations and the interaction with highway bridges or building systems. The results suggest that rocking should be encouraged as one mechanism for absorbing energy and thereby reducing ductility demand on the structure. During these tests, the interactions between researchers and practictioners has been valuable (a) as a technology transfer mechanism, (b) to figure out the direction of research to convince practitioners that results are definitive, and (c) for academics and practitioners to collaborate in appropriate changes in national standards such as ASCE/SEI-41 (ASCE standard for Seismic Rehabilitation of Existing Buildings). This paper provides examples to illustrate the roles and influences of physical modeling in the evolution of practice related to rocking foundations for bridges and buildings.
INTRODUCTION
Design practice usually relies on general theories, analytical models and/or design codes. Historically, physical modeling and testing have played a major role in the discovery and conception of mechanisms of deformation and failure. Once the key phenomena are understood, theories can be developed, but theories need to be verified by tests to confirm their accuracy and limitations. It is also valuable to develop simplified design guidelines that are consistent with verified analysis procedures to facilitate adoption by the profession. Experiments, including model tests, play an important role in testing and validation of theories as well as simplifications that eventually become codified in design procedures. Physical model tests can demonstrate and teach engineers the mechanisms of behavior. This technology transfer is essential for adoption of innovation and change in engineering practice. We argue that the roles of physical modeling are to:
(1) facilitate discovery and advance knowledge of mechanisms of behavior; advanced knowledge facilitates development of improved analysis and design; (2) verify theories, hypothesis, analytical models, and design guidelines; and (3) provide an effective mechanism for technology transfer. The relationship between physical experiments and theories are sketched in Figure  1 . This paper describes examples to illustrate how physical modeling has been used to addresses (1), (2), and (3) listed above. Housner (1963) pointed out that many rocking structures, or "inverted pendulums", survived in the 1960 M9.5 Chile earthquake while more modern structures were severely damaged. One of the main advantages of rocking systems is their "recentering" characteristic. A rigid block on a rigid base that has titled several degrees tends to re-center itself when the load is released. Overturning instability will only occur if the line of action of the block weight is pushed outside the edge of the block. He calculated the reduction in amplitude due to energy radiation through the ground. He suggested that a coefficient of restitution could be used to estimate the loss of energy as the rigid block impacts the rigid surface and rocks up on the opposite edge.
FIG. 1. Roles of experiments and theories and their interconnection.

UNDERSTANDING THE MECHANICS OF ROCKING ON SOIL
Physical modeling of rocking on soils. Housner's ideas have been implemented to model the rocking of shallow foundations on soil (e.g., Priestley et al. 1978) . The 1-g physical model tests of Taylor et al. (1982) verified that the re-centering effect also applies to rocking on soil; but, due to rounding of the interface between the footing and soil, there is no sudden elastic collision as the gap between the footing and soil closes because the footing never actually rocks on a sharp edge. Based on experience with centrifuge model tests of rocking foundations, Gajan et al. (2005) showed that energy dissipation for rocking on soil is instead governed by the plastic deformation at a moving contact between the flat bottom of a footing and the curved shape of the deformed soil surface. Gajan et al. (2005) defined a critical contact area as the area that must remain in contact to support the vertical loads acting on the soil-footing interface. Figure 2 illustrates Gajan et al. (2005) clearly illustrated that the moment capacity of rocking foundations on soils can be accurately calculated using Equation (1),
where V is the total vertical load on the soil-footing contact and L is the footing length in the rocking direction, and L c is the critical contact length described by Gajan et al. (2005) . Hence the moment capacity is not sensitive to soil properties if L c / L<<1. It is sensitive to the relatively well know quantities of footing length and the vertical load on the footing. Equation (1) is simply based on statics and again is a derived hypothesis before it is validated by physical model tests. It was necessary to perform physical model tests to verify the hypothesis. The physical model tests have included slow cyclic tests where rotations are applied to a rocking footing while it is subjected to vertical load. Figure 3 illustrates that such a simple equation can accurately predict the moment capacity of a rocking foundation for slow cyclic lateral loading as well as for dynamic shaking experiments.
COMPLEMENTARY PHYSICAL AND NUMERICAL MODELING
Not only do experiments validate theory, but sometimes, computation models can also raise confidence in experimental data. If an experiment produces an unexpected result, the reproduction of a similar result in a computational model can be used to help convince people that both the experiment and the theory are successfully modeling real phenomena. For example, Anastasopoulos et al. (2010) presented convincing numerical simulations of rocking systems complemented by several small scale 1 g shaking table tests. A few other examples will be described in this section to illustrate the interconnection of experiments and theories. Moment vs. rotation relationships. Gajan et al. (2010) showed that the momentrotation-settlement and shear-sliding behavior observed in physical model tests could be accurately modeled by a "Contact Interface Model" that explicitly tracks the moving contact between the flat base of a footing and the rounded surface of the soil under the footing. Gajan et al. (2010) also showed that if the shear-sliding deformation is small compared to rocking deformations, the moment-rotation and settlement behavior can also be modeled by more conventional Beam-on-NonlinearWinkler-Foundation (BNWF) models. Both models reasonably matched experimental data, and hence illustrated that the experimental data observed in physical model tests can be described by straight-forward physics.
Instability. Deng et al. (2011b) performed model tests to compare the stability of a lollipop structure with a hinging column to the stability of a lollipop structure with a rocking foundation and showed that a rocking system is actually superior to a hinging system. In their dynamic centrifuge model tests, the fixed-base hinging system did not have significant re-centering characteristics, so it tended to accumulate P-Δ moments as yielding occurred. When the P-Δ moment exceeded the moment capacity, the hinging system collapsed. But the rocking system remained upright. To further illustrate this concept, Deng et al. (2011a) developed numerical models of rocking and hinging systems, which confirmed the finding that it is easier to topple a hinging system than a rocking system if two systems are assigned with similar parameters.
Bias of equivalent static analysis. Figure 4 also shows that ESA (Equivalent Static Analysis based on response spectrum methods) is equally accurate (or inaccurate depending on expectations) to both rocking-foundation systems and hinging-column systems. Makris and Konstantinidis (2001) Figure 4 shows that if large deformations are rigorously included, then ESA is more or less equally inaccurate for hinging-column and rocking-foundation systems. In fact with proper accounting of large deformation effects, Deng et al (2011b) showed that pushover curves for rocking and hinging systems are almost identical.
FIG. 4. Results from incremental dynamic analysis (Deng et al. 2012a).
VALUES OF DESIGNING A MODEL TEST
By experience, we have found that much of the creative research work is done during the design of a physical model test. The statement of a hypothesis and design of a physical model to test the hypothesis forces the researcher to carefully consider all the mechanisms controlling the problem and assess the importance of each mechanism, and then to decide if that mechanism must be included in the physical model. This exercise always clarifies the problem in the mind of the researchers, and many times this exercise results in new design concepts. The imagination is free to innovate because it is "only" an exercise.
Example 1: Pins at the top of columns of bridge systems. This idea resulted from our attempt to test bridges with a two-column bent and rocking foundations. If a bridge deck is supported by two columns and two footings, then rocking of the footings would require either rotation of the bridge deck and separation of one footing from the soil or instead, the columns may yield at the top to accommodate the system deformation caused by dual rocking foundations, as indicated in Figure 5(a) . Column yielding is an undesirable outcome because the original purpose to design rocking foundation is to protect the columns. Consequently, we thought of putting pins at the top of the columns to enable the mechanism shown in Figure 5 (b). Past practice of the sponsor (Caltrans) sometimes included putting pins at the base of columns (to reduce moments in the footings and ensure that footings are not overloaded). But putting pins at the top of columns is not common. Without experiments, it may have been difficult for a design engineer at a department of transportation to propose engineering a pinned connection at the top of a column with a rocking foundation for a real bridge for the first time. Real structures are not the best place to test new ideas. The concept of using pins at the top of columns of moment-frame buildings may also serve as an isolation system for building systems as illustrated in Figure 5 (c). The method of introducing pins in concrete columns is described by Deng et al. (2011b) . Gajan and Kutter (2008) suggest that settlement of footings can be a significant concern if the L/L c ratio is not large enough. A simple way to overcome this problem, conceived and described by Deng et al. (2011b) during design of their centrifuge experiment, involves ground improvement under the edges of the footing. The layout of the conceptual concrete pads is schematically illustrated in Figure 6 . They developed logic for sizing an effective system and showed in the experiments that soil cement pads or very short piles could significantly reduce settlements. Allmond and Kutter (2012) also described use of unconnected piles to support a rocking foundation in liquefiable soil and experimental evaluation of rocking on unconnected piles. 
TECHNOLOGY TRANSFER
Some researchers may think that technology transfer is a one-way affair:
researchers tell practitioners what they should do. Practitioners might feel they cannot implement proposed changes because they are not practical, there is a complication not understood by the researcher, or perhaps they do not have time to figure out how to make it practical. If research is not put in context of existing design conventions and codes, it may not be easily adoptable. To have maximum impact, it is necessary for researchers to understand the ways of the practitioners before they can understand how practice should be modified. With this in mind, it is particularly valuable to include several practitioners across the relevant sub-disciplines (construction, geotechnical, and structural engineers) to participate in project planning and research review meetings. Each engineer will see different problems with research and practice. Researchers and practitioners will get good ideas from each other. When one practitioner reacts negatively to a research idea, others might find value in it and help convince others that academics might not really be too eccentric.
Example 3: ASCE 41-06. It is relatively more expedient to improve existing methods than to throw them out and start over. ASCE 41-06 covers seismic rehabilitation of existing buildings. In ASCE 41, buildings may be analyzed using Linear Static Procedures, Linear Dynamic Procedures, Nonlinear Static Procedures, and Nonlinear Dynamic Procedures. In the 2005 version ASCE 41-Chapter 3, rocking foundations are handled in a special "overturning" section with reduction factors (Rfactors). The R-factors for overturning in ASCE 41-06 are related to the allowable ductility demand ( max / yield ) that a footing can be allowed to withstand. The existing document suggests different R factors for different categories of performance (IO = Immediate Occupancy, CP = Collapse Prevention, and LS = Life Safety), but there is an unclear fundamental basis for picking the recommended R-factors in ASCE 41-06.
Recent work (e.g., Gajan et al. 2010 , Deng et al. 2012b , Hakhamaneshi et al. 2012 ) shows that moment capacity on insensitive clay and medium-dense sand does not degrade with rotation and hence the allowable rotation of the rocking footing may be increased provided that the associated transient and permanent deformations can be sustained by the structural system. Furthermore, the uncertainty in elastic stiffness for a footing causes uncertainty in  elastic which adds uncertainty to the calculation of an R-factor.
This recent work has suggested that damage to the rocking interface may be quantified by permanent settlement or residual rotation of the footing. As shown by Deng et al. (2011b) , the permanent settlement is clearly related to the A/A c value and empirically related to the cumulative rotation of the footing. The permanent settlement of a footing is potentially sensitive to footing shape, soil type, and moment to shear ratio.
ASCE 41-06 includes tables that describe the backbone curve, allowable rotations, strength loss ratios, for nonlinear procedures for components such as shear walls, reinforced concrete columns, and beam-column joints. For the next version of ASCE 41, we have proposed an analogous table for rocking foundations (see excerpts in Table 1 ). The g, d, and f values (defined in Figure 7 ) indicate values for trilinear springs used to model the footing rotation in, for example, a pushover analysis. These values were determined by analysis of results from many physical model tests. The acceptance criteria, established to produce acceptable footing settlements, are based on correlations between settlement and rotation. If peak rotations are less than the values listed in the CP (Collapse Prevention performance level) column, settlements are expected to be less than 1% of the footing width. Less rotation is allowed for the IO (Immediate Occupancy) and LS (Life Safety) performance level. For A c /A = 1, no rotation is acceptable because the footing is loaded to its limit by vertical load alone. For A c /A = 0.5 only very small rotations (essentially elastic rotation) would pass the acceptance criteria. For strong soil/large footings (e.g., the top row in Table 1 ), the allowable rotation is 0.1 for collapse prevention (CP) decreasing to 0.02 for immediate occupancy (IO). Linear interpolation may be used for intermediate values in table 1. In addition to the dependence on the ratio A c /A, Hakhamaneshi et al. (2012) showed that footing settlement for rectangular footings increases as the ratio B/L c decreases (as footing width decreases). L c is the critical contact length, and A c = (B) (L c ) is the critical contact area. For narrow footings, where the footing narrow compared to L c , we expect larger settlements and hence allowable rotations have been reduced.
The current version of the table only covers footings for which rocking rotation dominates over sliding displacements. Gajan and Kutter (2009) showed that rocking dominates sliding when the ratio of (moment)/((shear)(length)) is greater than about 1. We anticipate that with experience, additional conditions covering sliding of footings and combined rocking and sliding might be added to the table.
CONCLUSIONS
Physical model tests, if properly designed and documented can be effective tools for helping or convincing the owner, engineer, student and researcher that they understand what is really happening and potentially give them confidence to try new ideas. In an example presented here, it was shown that rocking foundations have superior stability to conventional column-hinging elements since rocking foundations have a superior re-centering characteristic. This result was shown by experiments and using verified numerical procedures. Model testing often complements numerical modeling and vice versa.
Designing a model test inspires more freedom to design or try something that is unconventional. It is unusual for an engineer to develop a new design concept for a real bridge or building. Going through the design of a relatively inexpensive model frees the mind to explore new ideas that might be considered risky in practice. Still, designing a model forces the researcher to go through the same steps used in the design practice. One big difference between design of a model test and a prototype is that an experiment is typically designed to be accurate, while prototypes are designed conservatively. Another important difference is that we expect the model to be tested (with or without damages), but hope an earthquake does not damage the prototype.
In summary, physical model testing can play a significant role in the evolution of practice. It serves as an educational tool, an object for focused discussion and debate by geotechnical and structural, students, researchers and engineers. Physical modeling validates or verifies analytical methods and design codes and is complemented by numerical modeling. Working with practicing engineers facilitates finding a successful implementation path for research to practice.
